INTRODUCTION {#SEC1}
============

The process of translation is the last stage in the genetic information transfer and it depends on the correct matching between mRNA codons and corresponding tRNA anticodons within the ribosomal complexes. Among all involved steps, translation is estimated to be the least accurate one with an error rate in the range 6 × 10^−4^ − 5 × 10^−3^ ([@B1]). On the whole, the estimated frequency of translation errors (∼10^−4^ − 10^−3^) converts into at least one misincorporated amino acid in 18% of expressed protein molecules (assuming an average gene length of 400 codons) ([@B4]). Although such random substitutions could be beneficial for withstanding evolutionary pressure, subtle regulation of protein expression or promoting cell fitness and homeostasis, specific single substitutions can be deleterious to protein folding and function.

There are several sources for such errors, but the main source is attributed to the erroneous matching between mRNA codons and tRNA anticodons ([@B1],[@B5]). At the molecular level, the discrimination between correct (cognate) and incorrect (near-cognate) tRNAs primarily hinges on complementary base pairing between codon and anticodon triplets. Here, we follow the definition of near-cognate tRNA as those tRNAs able to form a mini-helix with A-site codons in the ribosomal decoding center ([@B8]). However, this interaction alone cannot provide the required accuracy. The nature of tRNA--mRNA interactions on the 70S ribosome has been structurally investigated over the course of more than a decade ([@B9]). In particular, during the last five years a large amount of evidence was collected regarding the chemistry of translation errors and their molecular recognition basis ([@B12]). The experimental data indicate that discrimination between near-cognate and cognate tRNAs is based primarily on steric fit and shape complementarity rather than on the number of hydrogen bonds between the rigid decoding center and the codon--anticodon duplex ([@B12],[@B15],[@B19],[@B20]). Such observations further strengthen the view that spatial mimicry, due either to base tautomerism or ionization, dominates the translation infidelity mechanism. A systematic understanding of the mechanisms underlying translational errors, together with the possible influence of these errors on the proteome and cell homeostasis, will further improve our knowledge of evolutionary mechanics behind the genetic code.

MATERIALS AND METHODS {#SEC2}
=====================

Materials {#SEC2-1}
---------

The 70S ribosomes from *Thermus thermophilus* strain H8 were purified according to the published protocol ([@B13]). Both native tRNA^fMet^ and tRNA^Arg^ from *Escherichia coli* were purchased from 'Chemical Block' (Russia). Native tRNA^Thr^ from *E. coli* was purchased from 'Plenum Company' (USA). The mRNA constructs whose sequences are specified below were purchased from Thermo Scientific (USA) and deprotected following the supplier procedure.

Nomenclature {#SEC2-2}
------------

Since this study is dedicated to the A-site codon--anticodon interactions, for simplicity we will use the following notation for the A-site codon nucleotides: B1B2B3; instead of more universally accepted numbering, starting from the first nucleotide of the P-codon. The tRNA anticodon numbering is as usual with nucleotide B34 pairing to B3, nucleotide B35--B2 and nucleotide B36--B1. Throughout, we will use the following nomenclature: A-U/U-A or G = C/C = G for Watson--Crick pairs, GoU/UoG for standard wobble pairs (geometry distinct from the 'classic' Watson--Crick pair because the U moves in the major deep groove of the RNA helix), G•U/U•G for Watson--Crick-like tautomeric pairs (such pairs are isosteric and occupy the same volumes than Watson--Crick pairs). In all those notations the slash character means 'or'; for example G•U/U•G stands for a G•U pair or a U•G pair.

Complex formation and crystallization {#SEC2-3}
-------------------------------------

The ribosomal complexes were formed in 10 mM Tris-acetate, 40 mM KCl, 7.5 mM Mg (CH~3~COO)~2~, 0.5 mM Dithiothreitol at pH7.0 at 37°C. For all complexes the 70S ribosomes (3 μM) were incubated with 5-fold stoichiometric excess of mRNA and 3- to 5-fold excess of tRNAs. For both the cognate and near-cognate 70S ribosome complexes the mRNA sequences contained GGC.[AAG.GAG.GCA]{.ul}.AAA (Z) at the 5′-end, the Shine-Dalgarno sequence is underlined ([@B21]). The cognate Thr complex mRNA sequence contained threonine A codon A**C**C following Met codon AUG (underlined) and was as follows: mRNA-1 = Z[AUG]{.ul}A**C**CA~8~. Here, C2 base of the Thr codon (in bold) will pair with G35 in the middle of anticodon of tRNA^Thr^. The near-cognate Thr complex contained isoleucine A**U**C codon that modeled the U2•G35 mismatch at the second codon--anticodon was as follows: mRNA-2 = Z[AUG]{.ul}A**U**CA~8~. The cognate Arg complex mRNA sequence contained arginine A codon C**G**A allowing a G2 codon base to pair with C35 of tRNA^Arg^ was as follows: mRNA-3 = Z[AUG]{.ul}C**G**AA~8~ (the start codon and the Shine-Dalgarno sequence are underlined). The 70S ribosomes (3 μM) were pre-incubated with mRNA-1 or mRNA-2 or mRNA-3 and tRNA^fMet^ for 15 min to fill the P-site. The complexes modeling the above cognate or near-cognate codon--anticodon at the A-site were obtained by subsequent incubation with tRNA^Thr^ or tRNA^Arg^, or tRNA^Arg^ respectively. Crystals were grown at 24°C via vapor diffusion in sitting-drop plates (CrysChem, Hampton Research) as described before ([@B13]).

Data collection, processing and structure determination {#SEC2-4}
-------------------------------------------------------

Data for all complexes were collected at the X06SA beamline of Swiss Light Source, Switzerland, at 100K. A low dose very fine slicing mode was used to collect high-redundancy data ([@B22],[@B23]). The data were indexed, integrated and scaled using XDS ([@B24]). All crystals belong to space group P2~1~2~1~2~1~ and contain two ribosomes per asymmetric unit. One of the previously published structures ([@B12]), with tRNA, mRNA and metal ions removed, was used for refinement with Phenix ([@B25]). The initial model was placed within each dataset by rigid body refinement with each biopolymer chain as a rigid body. The resulting electron density maps were inspected in Coot ([@B26]) and the tRNA and mRNA chains were built in. During several cycles of manual rebuilding followed by coordinate and isotropic B-factor refinement, magnesium ions were added and the final refinement round took place. The data collection and refinement as well as model geometry statistics are presented in the Table [1](#tbl1){ref-type="table"}.

###### 

Data collection and refinement statistics

                         Cognate Thr^a^             UG mismatch^b^           Cognate Arg^c^
  ---------------------- -------------------------- ------------------------ ------------------------
  **PDB ID**             6gsj                       6gsk                     6gsl
  **Data collection**                                                        
  Space group            P2~1~2~1~2~1~              P2~1~2~1~2~1~            P2~1~2~1~2~1~
  Cell dimensions                                                            
   *a, b, c* (Å)         209.41 449.24 618.40       209.82, 449.75, 618.71   210.05, 449.39, 618.66
   α, β, γ (°)           90.0 90.0 90.0             90.0 90.0 90.0           90.0 90.0 90.0
  Resolution (Å)         300--2.96 (3.04--2.96)\*   300--3.36 (3.45--3.36)   300--3.16 (3.24--3.16)
  *R* ~meas~             29.2 (470.5)               36.4 (382.6)             38.6 (806.0)
  *I* / σ*I*             20.60 (1.03)               11.53 (0.99)             14.66 (1.00)
  CC(1/2) ([@B42])       99.9 (24.8)                99.8 (31.6)              99.7 (45.2)
  Completeness (%)       100.0 (100.0)              99.9 (100)               100 (99.9)
  Redundancy             87.13 (41.67)              35.99 (23.56)            97.11 (84.61)
  **Refinement**                                                             
  Resolution (Å)         224.620--2.96              224.875--3.36            153.44--3.16
  No. reflections        2 348 293                  1 609 958                1 936 360
  *R* ~work~/*R*~free~   19.60/25.19                20.03/26.42              19.21/24.01
  No. atoms                                                                  
   RNA                   201 697                    200 857                  205 176
   Protein               88 484                     88 467                   94 344
   Ligand/ion/water      4077                       3321                     6532
  *B*-factors                                                                
   RNA                   95.73                      118.23                   110.39
   Protein               103.45                     127.03                   118.59
   Ligand/ion/water      83.10                      96.33                    89.83
  R.m.s. deviations                                                          
   Bond lengths (Å)      0.009                      0.009                    0.010
   Bond angles (°)       1.536                      1.490                    1.649

\*Values in parentheses are for highest-resolution shell.

Number of crystals used for data collection: ^a^8; ^b^2; ^c^5.

RESULTS {#SEC3}
=======

In this communication, we present three novel X-ray structures of the 70S ribosomes complexed with a long mRNA and three tRNAs at the A-, P- and E-sites (Figure [1A](#F1){ref-type="fig"} and Table [1](#tbl1){ref-type="table"}). In one of the structures, tRNA^Thr^ (anticodon GGU) pairs with the cognate threonine codon (ACC) in the A-site (Figure [1B](#F1){ref-type="fig"}); in the second one, the same tRNA^Thr^ pairs with the near-cognate isoleucine codon AUC in the A-site and thus involves a U2•G35 base opposition (Figure [1C](#F1){ref-type="fig"}). The third structure corresponds to a cognate interaction between tRNA^Arg^ (anticodon ICG) and one of its cognate codon CGA (Figure [1D](#F1){ref-type="fig"}). In this latter case, it is the first time that a G = C pair with a G on the codon at the second position of the codon, a G2 = C35 pair, is shown. Taken together with the previously published structures ([@B12],[@B16]), this new set of structures completes the ensemble of the four possible combinations of Watson--Crick pairs and Watson--Crick-like G•U/U•G pairs at the first and second positions of the codon--anticodon duplex on 70S ribosomes with long mRNAs and three tRNAs bound.

![Complexes of the *Thermus thermophilus* 70S ribosome with mRNA and tRNA in the A-site. (**A**) Overview of the complex structure. The red frame marks the decoding center. 16S rRNA is shown in teal, 23S rRNA---in olive, A-site tRNA---in purple, P-site tRNA---in blue, E-site tRNA---in green and mRNA---in wheat. Views of the second codon--anticodon base pair in the cognate (**B**) and near-cognate (**C**) tRNA^Thr^~GGU~ complexes. (**D**) Second codon--anticodon base pair in the cognate tRNA^Arg^~ICG~ complex. Putative hydrogen bonds (distances ≤3.3 Å) are shown as dashed lines and interatomic distances for the mismatched pair are indicated. *2F~o~*--*F~c~* electron density maps are contoured at 1.2 σ.](gky547fig1){#F1}

The G•U/U•G pairs, usually termed 'wobble' base pair, are of special interest for at least two reasons. First, they are widespread naturally in a majority of cellular RNAs. Second, several *in vivo* studies of translational errors (e.g. see refs. ([@B3],[@B7],[@B27],[@B28])) single out these mismatches as strongly predominant. As observed in previous structures ([@B12],[@B16]) with near-cognate complexes containing a G•U mismatch in the second position of the codon--anticodon duplex, we confirm here that the G•U pair adopts geometry structurally identical to that of the cognate G•C Watson--Crick pair and not the classical wobble geometry (Figure [1B](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"}). Additionally, the conformational changes of the ribosomal decoding center involving the crucial and invariant nucleotides A1492, A1493 and G530 are identical in response to binding of either cognate or near-cognate tRNA in the A site ([@B29]). The recently proposed mechanism of translation infidelity ([@B12],[@B15]) definitively puts forward spatial Watson--Crick base pair mimicry as the way for mismatched pairs to bypass ribosomal discrimination. As discussed elsewhere ([@B12],[@B19],[@B30]), such mimicry can be achieved via rare tautomeric states of the bases involved in mismatched base pair and G•U/U•G pairs are more likely to be in such states compared to other base combinations.

DISCUSSION {#SEC4}
==========

In order to compare the effects of various U•G/G•U substitutions we use the recently published ([@B33]) representation of the codon table as a wheel. This representation, based on the Turner energy ([@B34]) of RNA--RNA triplets (from ref. ([@B35])), displays the 64 codons as Strong (north quadrant), Intermediate (east and west quadrants) and Weak (south quadrant) (see [Supplementary Figure S1a](#sup1){ref-type="supplementary-material"}). In the complete system, additional structural elements of the tRNA molecules, especially of the anticodon loops and stems also contribute to the global stability of codon--anticodon association (as discussed in ref. ([@B33])). Such structural elements can be mapped on the wheels and such mappings illustrate how these elements vary with the codon positions on the wheel (see [Supplementary Figure S1](#sup1){ref-type="supplementary-material"} and Supplementary Materials of ref. ([@B33])), attesting that the sequence identities of each of the individual tRNAs of the cellular pool extend beyond the anticodon triplet and there are strong correlations between the anticodon triplet and the neighboring nucleotides. In particular, tRNA modifications at positions 34 and 37 are critical for stabilizing and tuning the efficiency and accuracy of codon--anticodon duplexes ([Supplementary Figures S1b--d and 2](#sup1){ref-type="supplementary-material"}).

Overall, the tRNA identities and modifications tend to decrease the binding affinities of the codon--anticodon duplex in the northern semicircle of the wheel (mostly to restrict miscoding). On the other hand, in the southern semicircle of the wheel, both specific tRNA identities and modifications are needed, besides restricting miscoding, to increase the binding strengths of the codon--anticodon duplex and fine tuning of translation so that each native aminoacyl-tRNA binds to the A site of the ribosome with the about the same average optimal binding energy, whatever the base composition of the codon/anticodon mini-helix ([Supplementary Figure S1b--d](#sup1){ref-type="supplementary-material"}).

Structural consequences of a G•U/ U•G pair at the first or second position in bacterial systems {#SEC4-1}
-----------------------------------------------------------------------------------------------

We now have crystallographic examples of every combination of Watson--Crick geometries for G = C/U-A and G•U/U•G pairs at the first two positions within a bacterial ribosome environment (see Figures [1B](#F1){ref-type="fig"}--[D](#F1){ref-type="fig"}, [2A](#F2){ref-type="fig"}--[C](#F2){ref-type="fig"}, [3A](#F3){ref-type="fig"}--[C](#F3){ref-type="fig"}, [4A](#F4){ref-type="fig"}--[C](#F4){ref-type="fig"} and [5A](#F5){ref-type="fig"}--[C](#F5){ref-type="fig"}). A full comparison between the interactions of the first two decoding pairs with the key elements of the 30S ribosomal decoding center can be made. These elements are namely the 16S rRNA nucleotides A1492, A1493 and G530 that interact with the minor groove of the codon--anticodon duplex via specific interactions: in particular A-minor interactions between A1493 and the first pair of the mini-helix (nucleotides mRNA B1 and tRNA B36) and A-minor interactions between A1492, G530 and the second pair of the mini-helix (nucleotides mRNA B2 and tRNA B35). Structural comparisons lead to important observations on bacterial ribosomal constraints. With a G at the first position (either G1 in the codon (Figure [2A](#F2){ref-type="fig"}) or G36 in the anticodon (Figure [3A](#F3){ref-type="fig"})), a favorable additional H-bond occurs between the exocyclic amino group of G and the N3 of A1493, compared to the situation with an A, because the exocyclic amino group N2 falls at close-by positions in a G = C or a C = G pair. In short, a G on either side at the first position presents an additional H-bond to the ribosomal grip.With a G at the second position (either G2 in the codon (Figure [4A](#F4){ref-type="fig"}) or G35 in the anticodon (Figure [5A](#F5){ref-type="fig"})), the exocyclic amino group N2 is in a tight or crowded environment, lodged between A1492 and G530. In both cases, the C2-H of A1492 points to the exocyclic amino group N2 of either G2 or G35. Here, the cases where G is present in the codon or in the anticodon appear not identical. However, on the basis of the contacts alone, it is very difficult to evaluate which of the base pairs C2 = G35 or G2 = C35 is in a more favorable environment. Also, the interactions between G530 and the anticodon base B35 are unusual; one may surmise that the O2(C35) (slightly negative) pointing to the center of G530 (positively charged) might be slightly more favorable than the N3(G35). Overall, the environment of the second pair appears more crowded with possibly a slight preference for a G2 = C35 pair compared to a C2 = G35 pair.Since the miscoding G•U/U•G pairs at either of the first two positions are Watson--Crick-like, the same considerations apply to the interactions with near-cognate tRNAs. Consequently, the energy and structural consequences of the introduction of a miscoding G•U/U•G pair are not identical for the first two base pair positions. The additional H-bond between the G in either the G•U or U•G pair occurs for the first position (Figures [2B](#F2){ref-type="fig"} and [3B](#F3){ref-type="fig"}). Further, with a miscoding G•U/U•G pairs at the second position (Figures [4B](#F4){ref-type="fig"} and [5B](#F5){ref-type="fig"}), a slight energetic preference for a G in the B2 codon position may be present.

![Substitution of a G1 = C36 pair or a A1-U36 pair by a G1•U36 base pair in the first position of the codon--anticodon duplex. (**A**) Cognate G1 = C36 pair from the complex of 70S ribosome with mRNA and tRNA^Val^ (PDB ID: 5ibb); (**B**) near-cognate G1•U36 pair from the complex of 70S ribosome with mRNA and tRNA^Lys^ (PDB ID: 5ib8); (**C**) cognate A1-U36 pair from the complex of 70S ribosome with mRNA and tRNA^Lys^ (PDB ID: 5e7k). The nucleotides of the 16S rRNA are depicted in teal, tRNA in magenta and mRNA in wheat. The dashed lines indicate the putative hydrogen bonds (interatomic distance ≤3.3Å). (**D**, top) Summary table of all amino acid substitutions resulting from the incorporation of a miscoding pair with comparisons of amino acid polarity, transition in triplet energy between the two cognate tRNAs (S = Strong, I = Intermediate, W = Weak), the experimentally observed G•U pairing miscoding available in the literature (*Escherichia* *coli* (*EC*), *Saccharomyces cerevisiae* (*Sce*) and CHO cells). The *in vivo* data for *E. coli* and *S. cerevisiae* are from ([@B6],[@B7]) and ([@B28]); those for the CHO cells are from ([@B27]). The transition in triplet energy between cognate tRNAs and the base modification at nucleotide 37 in the respective cognate tRNAs (for *E. coli*) are both indicated to point to the competition between the tRNAs for the A site. The cognate codon of the miscoding tRNA is at the right and, at the left, the miscoding pair formed by the miscoding tRNA. (D, bottom) The corresponding tRNA modifications and relative positions of cognate and near-cognate codons on the energy wheel. The miscoding pairs (dark circles) are indicated with the thin arrows pointing to the miscoding tRNA (open circles) (for example, a tRNA^Thr^ miscodes an Ala codon or a tRNA^Lys^ miscodes a Glu codon). The thick red arrows indicate the energetic transitions between Strong (blue) and Intermediate (white) codon--anticodon triplets as well as between Intermediate and Weak (red) ones. Because the substitutions are at the first position, the transitions start in the top right quadrant and end in the bottom left quadrant. The miscoding tRNAs are highly modified and replace stronger, but less modified, tRNA binders. Many instances have been reported in the literature.](gky547fig2){#F2}

![Substitution of a C1 = G36 pair or a U1-A36 pair by a U1•G36 base pair in the first position of the codon--anticodon duplex. (**A**) Cognate C1 = G36 pair from the complex of 70S ribosome with mRNA and tRNA^Leu^ (PDB ID: 4v87); (**B**) near-cognate U1•G36 pair from the complex of 70S ribosome with mRNA and tRNA^Leu^ (PDB ID: 4v8b); (**C**) cognate U1-A36 pair from the complex of 70S ribosome with mRNA and tRNA^Tyr^ (PDB ID: 4v8d). Same comments as for Figure [2](#F2){ref-type="fig"}. (**D**, top) The *in vivo* data for *Escherichia coli* and *Saccharomyces cerevisiae* are from ([@B6],[@B7]) and ([@B28]); those for the CHO cells are from ([@B27]). (D, bottom) The miscoding pairs (dark circles) are indicated with the thin arrows pointing to the miscoding tRNA (open circles) (e.g. a tRNA^His^ miscodes a Tyr codon). The thick red arrows indicate the energetic transitions between Intermediate (white) and Strong (blue) codon--anticodon triplets as well as between Weak (red) and Intermediate ones. Because the substitutions are at the first position, the transitions start in the bottom right quadrant and end in the top left quadrant. The miscoding tRNAs are good binders and replace weaker, but more modified, tRNA binders. Only two instances could be found in the literature.](gky547fig3){#F3}

![Substitution of a G2 = C35 pair or a A2-U35 pair by a G2•U35 base pair in the second position of the codon--anticodon duplex. (**A**) Cognate G2 = C35 pair from the complex of 70S ribosome with mRNA and tRNA^Arg^ (this study, PDB ID: 6gsl); (**B**) near-cognate G2•U35 pair from the complex of 70S ribosome with mRNA and tRNA^Tyr^ (PDB ID: 4v8e); (**C**) A2-U35 pair from the complex of 70S ribosome with mRNA and tRNA^Lys^ (PDB ID: 5e7k). The nucleotides of the 16S rRNA are depicted in teal, tRNA in magenta and mRNA in wheat. The dashed lines indicate the putative hydrogen bonds (interatomic distance ≤3.3Å). (**D**, top) Summary table of all amino acid substitutions resulting from the incorporation of the mismatched pair with comparisons of amino acid polarity, transition in triplet energy between the two cognate tRNAs (S = Strong, I = Intermediate, W = Weak), the experimentally observed G•U pairing miscoding available in the literature (*Escherichia* *coli (EC)*, *Saccharomyces cerevisiae (Sce)* and CHO cells). The *in vivo* data for *E. coli* and *S. cerevisiae* are from ([@B6],[@B7]) and ([@B28]); those for the CHO cells are from ([@B27]). The transition in triplet energy between cognate tRNAs and the base modification at nucleotide 37 in the respective cognate tRNAs (for *E. coli*) are both indicated to point to the competition between the tRNAs for the A site. The cognate codon of the miscoding tRNA is at the right and at the left the miscoding pair formed by the miscoding tRNA. (D, bottom) The corresponding tRNA modifications and relative positions of cognate and near-cognate codons on the energy wheel. The miscoding pairs (dark circles) are indicated with the thin arrows pointing to the miscoding tRNA (open circles) (e.g. a tRNA^His^ miscodes an Arg codon or a tRNA^Asp^ miscodes a Gly codon). The thick red arrows indicate the energetic transitions between Strong (blue) and Intermediate (white) codon--anticodon triplets as well as between Intermediate and Weak (red) ones. Because the substitutions are at the second position, the transitions occur within each of the four quadrants. The miscoding tRNAs are highly modified and replace stronger, but less modified, tRNA binders. Many instances have been reported in the literature.](gky547fig4){#F4}

![Substitution of a C2 = G35 pair or a U2-A35 pair by a U2•G35 base pair in the second position of the codon--anticodon duplex. (**A**) Cognate C2 = G35 pair from the complex of 70S ribosome with mRNA and tRNA^Thr^ (this study, PDB ID 6gsj); (**B**) near-cognate U2•G35 pair from the complex of 70S ribosome with mRNA and tRNA^Thr^ (this study, PDB ID 6gsk); (**C**) U2-A35 pair from the complex of 70S ribosome with mRNA and tRNA^Val^ (PDB ID: 5ibb). Same comments as in Figure [4](#F4){ref-type="fig"}. (**D**, top) The *in vivo* data for *Escherichia coli* and *Saccharomyces cerevisiae* are from ([@B6],[@B7]) and ([@B28]); those for the CHO cells are from ([@B27]). (D, bottom) The miscoding pairs (dark circles) are indicated with the thin arrows pointing to the miscoding tRNA (open circles) (e.g. a tRNA^Thr^ miscodes a Met codon). The thick red arrows indicate the energetic transitions between Intermediate (white) and Strong (blue) codon--anticodon triplets as well as between Weak (red) and Intermediate ones. Because the substitutions are at the second position, the transitions occur within each of the four quadrants. The miscoding tRNAs replace weaker tRNAs. Concerning the modifications, the situation is more difficult to evaluate because of the tRNA isoacceptors. Only one instance could be found in the literature.](gky547fig5){#F5}

Translation consequences of a G•U/U•G pair at the first or second position {#SEC4-2}
--------------------------------------------------------------------------

Here, we focus on the situation where one given tRNA reads a near-cognate codon instead of its cognate codon (see [Supplementary Materials](#sup1){ref-type="supplementary-material"}, legend to [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). Similar considerations would apply to the case where a given codon is read by either its cognate or a near-cognate tRNA. In both cases, the final outcome is strongly influenced by kinetics factors such as optimal lifetimes of the codon--anticodon associations that should be sufficient for the ribosome to grip the complex in the A-decoding site and, last but not least, the competition with the isoacceptor and isodecoder tRNAs present in the tRNA pool (correlated with the distribution of codon usage that also varies between organisms) (see e.g. ([@B36],[@B37]). The introduction of a G•U/U•G mismatch during translation has two major consequences: destabilization of the codon--anticodon interaction and insertion of an amino acid different from that expected by the genetic code. Although miscoding G•U pairs are structurally equivalent to Watson--Crick pairs, the introduction of a miscoding G•U pair requires the formation of a tautomeric state in one of the two bases with a concomitant unpredictable decrease in base pair energy ([@B19]). We lack experimental data regarding the relative stability of the tautomeric Watson--Crick-like G•U base pair and energy considerations are not feasible at the present time. However, in terms of the cognate duplex strength and the wheel code, one can notice the following. The introduction of a single miscoding G•U/U•G pair always leads to a shift between Strong and Intermediate duplex energy or between Intermediate and Weak, but never between Strong and Weak (Figures [2D](#F2){ref-type="fig"}, [3D](#F3){ref-type="fig"}, [4D](#F4){ref-type="fig"} and [5D](#F5){ref-type="fig"}).The introduction of a single miscoding G•U/U•G pair at the first position of the codon--anticodon duplex results in a move from one quadrant to another across the diagonal of the codon wheel (Figures [2D](#F2){ref-type="fig"} and [3D](#F3){ref-type="fig"}). Importantly, the northern and southern quadrants are correlated with tRNAs harboring modified purines at position 37 displaying different stabilizing power (stacking) on the adjacent base pair ([Supplementary Figure S2b](#sup1){ref-type="supplementary-material"}). Therefore the presence of the hypermodified purine-37, like ct^6^A or m^6^t^6^A adjacent to a U36 (minitable in Figure [2D](#F2){ref-type="fig"}) should help formation of an adjacent U36•G1 base pair; while the presence of a simpler modified purine-37, like m^2^A or m^1^G adjacent to G36 (minitable in Figure [3D](#F3){ref-type="fig"}), should not have the same stabilizing effect, thus limiting formation of a G36•U1 miscoded RNA--RNA duplex (see also [Supplementary Figure S2b](#sup1){ref-type="supplementary-material"}).The introduction of a single miscoding G•U pair at the second position of the codon--anticodon duplex results in a move within a given quadrant (Figures [4D](#F4){ref-type="fig"} and [5D](#F5){ref-type="fig"}). The important modifications to consider are the frequently modified nucleotide located at position 34. They also vary with the quadrant and the nature of the base at the middle position of the RNA--RNA duplexes (minitables in Figures [4D](#F4){ref-type="fig"} and [5D](#F5){ref-type="fig"}). The main role of base-34 modification is to allow decoding of a subset of near-cognate codons varying at position 3; but also, for a few of them, like the 2-thiolated uridine, to enhance stacking with the adjacent base pair at the middle position of the RNA--RNA duplex, as for a G2•U35 miscoding pair ([@B14],[@B38]).The end result of a G•U/U•G substitution in the first or second position during translation is an amino acid mutation in the protein chain. To gauge the severity of the amino acid substitution, we evaluated the corresponding changes in amino acid polarity ([@B39],[@B40]). Results for a G1•U36 (or U1•G36) pair in the first position and a G2•U35 (or U2•G35) pair in the second position of the codon--anticodon duplex are given in minitables in Figures [2D](#F2){ref-type="fig"}, [3D](#F3){ref-type="fig"}, [4D](#F4){ref-type="fig"} and [5D](#F5){ref-type="fig"}. See [Supplementary Materials](#sup1){ref-type="supplementary-material"} for analysis.

Comparisons with experimental data on *in vivo* translation miscodings {#SEC4-3}
----------------------------------------------------------------------

All possible mispairs of the type G•U/U•G that could occur at the first or second position of a codon in mRNA and the corresponding bases in the anticodon of a fully matured cellular tRNA are listed in the minitables of Figures [2D](#F2){ref-type="fig"}, [3D](#F3){ref-type="fig"}, [4D](#F4){ref-type="fig"} and [5D](#F5){ref-type="fig"}, some of them having been successfully crystallized on the ribosome (see [Supplementary Material](#sup1){ref-type="supplementary-material"} for detailed descriptions of the experimental protocols and results).

Only some of them have been described as a recurrent source of missense errors during *in vivo* translation in various wild-type organisms (see [Supplementary Figure S3](#sup1){ref-type="supplementary-material"} for *E. coli* and [Supplementary Figure S4](#sup1){ref-type="supplementary-material"} for *Saccharomyces cerevisiae)*. Among them are those bearing a G2 in the mRNA codon with U35 in the tRNA anticodon (five cases in *E. coli* out of a total seven theoretical ones---cf. Figure [4D](#F4){ref-type="fig"} and [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). The two missing ones result from the absence in the *E. coli* tRNA pool of the corresponding potential near-cognate tRNAs. About those codons with U2 pairing with G35 on the tRNA, there is only one case (out of six potential ones, cf. Figure [5D](#F5){ref-type="fig"} and [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). From these experimental data, it appears that the probability of mismatching a G in the middle position of the codon--anticodon duplex is easier when G is in the mRNA rather than in the tRNA. Likewise, codons bearing G1 on the mRNA with U36 on the tRNA occur five cases over eight potential ones (cf. Figure [3D](#F3){ref-type="fig"} and [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). For the reverse situation of U1 on the mRNA and G36 in the tRNA, there are only two cases over a total of eight potential ones (compare Figure [2D](#F2){ref-type="fig"} and [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}), and they read each a distinct stop codon UAA or UAG. The situation in *S. cerevisiae* ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}) looks the same as in *E. coli* ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}), in the sense that what has been observed in yeast is valid also in *E. coli* but not necessarily the reverse situation. Thus, in yeast, misreading of a given codon appears in general less prone to errors than in *E. coli* ([@B7]).

These observations point to the following regularities. A more frequent occurrence of mismatches at the second position than at the first and, in both cases, with a strong bias for G on the codon.These miscoding bias result from a transition between an A1-U36 (A2-U35) and a G1•U36 (G2•U35) pair in the near-cognate mRNA/tRNA complex with the G1•U36 (G2•U35) pair replacing the cognate G1 = C36 (G2 = C35) pair in the cognate mRNA/tRNA complex.Most of the experimentally observed miscoding tRNAs belong to 2-codon boxes.For the non-observed miscoding tRNAs, the cognate triplets are stronger than those with which they compete.The frequent tRNAs forming a G1•U36 contain heavily modified A37 (ct^6^A or m^6^t^6^A) and the first nucleotide G1 forms an additional H-bond compared to the cognate A1-U36.Among the frequent tRNAs forming a G2•U35 are those bearing the stabilizing nucleotides 2-thioU or Q at position 34.The other miscoding tRNAs have less differences between their modifications of the anticodon loops.There is no correlation between the variations in amino acid polarities resulting from the G•U/U•G miscodings and the experimentally observed miscoded amino acids.

In sum, the decoding properties of the tRNAs from the southern part of the genetic wheel (like tRNA^Lys^ or tRNA^Tyr^), which depend very much on an ensemble of specific post-transcriptional modifications to stabilize their duplexes with cognate codons, are also the same modified tRNAs that miscode, hopefully to a small but detectable level, a limited number of near-cognate codons. Any minor change in the subtle modification status of these tRNAs, due to misfunction of the corresponding modification enzymes or the lack of necessary cofactors due to unbalanced cellular nutrients ([@B41]), is expected to lead to a substantial decrease in miscoding without necessarily affecting to the same degree the reading of cognate codons. This effect will be further modulated by the nature of the third base pair because of the strong dissymmetry ([@B19]) between G34oU3, where modifications do occur but are not structurally necessary and U34\*•G3, where modifications are required for forming long-lived binding.

CONCLUSION {#SEC5}
==========

The crystallographic studies describe the structural aspects of a codon--anticodon duplex involving U•G or G•U at either of the first or second position of a codon duplex within the decoding A-site of a bacterial ribosome. Extrapolation of the occurrence of a given miscoding event during *in vivo* mRNA translation to the different organisms is risky because of the large differences in tRNA library and the modes of post-transcriptional modifications in the different organisms. Under crystallization conditions, the problem of competition between the various aminoacyl tRNAs at the A-site of the ribosome is irrelevant and only the need of a sufficiently stable complex involving a G•U/U•G mismatch at the first or second position of the codon--anticodon duplex within the subsequent ribosomal grip have to be taken into account.

The crystal structures show that structurally Watson--Crick pairs and Watson--Crick-like pairs at the first and second positions are indistinguishable, with the environment of a G = C/C = G or G•U/U•G pair at the second position more crowded and possibly presenting a weak energetic preference for a G in the codon. However, experimentally, G•U pairs do occur more frequently in the second position with a clear preference for the G on the codon. Thus, other factors are controlling the occurrence of miscodings with near-cognate tRNAs. No correlation exists between the occurrence of G•U pair and polarity changes (see [Minitables and supplementary materials](#sup1){ref-type="supplementary-material"}).

But, the tRNAs involved in the introduction of a miscoding G•U pair are heavily modified in their anticodon loops (necessary for stabilizing their interactions with A-U rich triplets on the ribosome). As a result, they become prone to miscoding through Watson--Crick-like G•U pairs. Among the experimentally observed miscoding events are found mainly tRNAs that are highly modified and that replace stronger cognate triplets formed between codons and less modified tRNAs. It is therefore mainly stability considerations (most frequently when a tRNA instead of binding to its cognate A1 or A2 in the mRNA binds to G1 or G2, respectively), coupled with the modifications on the miscoding tRNA, together with kinetic factors and the relative amounts of cognate and near-cognate tRNAs in the cellular pool, that have to be considered for understanding the initial step of miscoding of a codon involving a G•U or U•G before complex formation and proceeding by the ribosomal decoding center.
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Click here for additional data file.
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